Introduction
MicroRNAs (miRNAs) represent an important class of small, non-coding RNAs regulating expression of at least one-third of human protein-coding genes and thus play a critical role in a variety of biological processes (1) (2) (3) (4) . To date, the miRNA registry contains 1872 human miRNA precursors, giving rise to 2578 mature miRNAs (MiRBase, Release 20, June 2013) . In the human genome, miRNAs constitute ~3-5% of predicted genes, which can be present in the intergenic, intronic or exonic regions of either protein-coding or non-protein-coding genes (5) . miRNAs are more frequently located in cancer-associated regions (6) , and represent ideal candidates for cancer predisposition loci since a small genetic change can lead to widespread defects in normal cell physiology.
The importance of miRNAs in chronic lymphocytic leukemia (CLL) pathogenesis began with the discovery of miR-15a and miR-16-1 in the 13q14 region (6, 7) , which is frequently deleted in CLL (8) . This suggested that miRNAs can act as tumor suppressor genes in CLL and for the first time demonstrated their direct role in cancer pathogenesis. Subsequent publications not only described germline mutation in miR-16-1 in two CLL patients (9) , but also implicated the potential use of miRNAs as prognostic markers in CLL due to their aberrant expression signatures with respect to IGHV mutation status and TP53 abnormalities (9, 10) . A recent publication describing coupled expression of immunoglobulin genes and miR-650, which is known to be associated with CLL prognosis and B-cell proliferation (11) , further supported the importance of miRNAs in CLL [reviewed in references (12, 13) ].
Deregulation of miRNA expression has been observed in hematological malignancies (9) (10) (11) (14) (15) (16) , and many types of solid tumors (17) (18) (19) (20) . Although the causes of their aberrant expression in tumor cells are only partially known, at least three different mechanisms have been described, including genomic aberrations involving miRNA genes in cancer-associated regions, epigenetic regulatory mechanisms and the presence of sequence variations [mutations and single-nucleotide polymorphisms (SNPs)] (9, 19, 21) .
Sequence variations in a miRNA gene can influence the processing of primary transcripts for miRNAs (pri-miRNA, ~100-1000 nt long) (21) that are processed by the enzyme Drosha in the nucleus (22, 23) into hairpin-shaped precursor miRNAs (pre-miRNA). PremiRNAs (~70 nt long) are cleaved in the cytoplasm by Dicer enzyme into 18-25 nt long mature miRNAs (24, 25) . Sequence variations present in the seed region (7-8 nt of the 5′ end of mature miRNA), which is responsible for miRNA binding to 3′-untranslated region of target messenger RNAs, influence miRNA functions by changing the pattern of targeted genes, and can also affect susceptibility to cancer (1, 3, 5, (26) (27) (28) . Moreover, increasing evidence suggests that miRNAmessenger RNA interactions can be affected by the presence of SNPs in target gene's 3′-untranslated region, which results in either the abolishment of existing binding sites or the creation of new, illegitimate ones. Significantly, these SNPs have also been linked to cancer susceptibility or pathogenesis (29) (30) (31) .
Although several miRNA mutations and SNPs have been described in CLL (9, 32) , their overall frequency and impact is still unresolved. In 98 CLL patients, we screened sequence variations in 109 premiRNAs (Supplementary Table I , available at Carcinogenesis Online) involved in CLL pathogenesis, other hematological malignancies and in hematopoesis. Furthermore, the presence of sequence variations was studied in more detail in the primary regions of miR-29b-2/29c in another cohort of 213 CLL patients since these two miRNAs belong to the most important group of miRNAs involved in CLL biology. Both miR-29b-2 and miR-29c were shown to be downregulated in aggressive CLL (9, 10) . Moreover, miR-29 was suggested to target the expression of MCL1 (33) and TCL1, a critical oncogene in aggressive CLL (16) . Recently, the generation of transgenic mice overexpressing miR-29 in B cells demonstrated its direct role in CLL pathogenesis (34) . Additionally, mutations in miR-29c and miR-29b-2 have also been detected in CLL patients (9) .
In total, we identified 6 novel variations and 27 SNPs in our CLL patient cohorts. miRNA-SNP frequency was compared between CLL patients and a control population, and we show that some of the identified SNPs may have significantly different frequencies in CLL patients. Most of the detected variations also affected miRNA secondary structure. We show that the expression of miR-16-1 is affected by the presence of the novel pre-miR-16-1 variation detected in our study. The effect of miR-29b-2 polymorphic insertion on miR-29b expression was also observed.
Materials and methods

CLL samples
For the resequencing analysis, 105 DNA samples of 98 high-risk CLL patients (seven patients were analyzed repeatedly; Table I ) were investigated.
Abbreviations: CLL, chronic lymphocytic leukemia; miRNA, microRNA; SNP, single-nucleotide polymorphism; wt, wild-type.
Sequence variations in microRNAs in CLL
Additionally, 15 DNA samples of 15 young healthy controls (in their 30s at the time of analysis) were analyzed in order to enable the self-learning algorithm, which produces intensity files in GeneChip Sequence Analysis Software v. 4.1 (GSeq; Affymetrix), to learn as many 'SNP-spots' as possible. Thus, SNP, as the most common type of variation (the presence of which is not age related) can be called more correctly than a novel variation.
Sanger sequencing of miR-16-1 and miR-29b-2/29c was performed in other cohorts of 193 and 213 CLL samples, respectively (Table I) (11, 35) . RNA quality was controlled by chip electrophoresis (Bioanalyzer RNA 6000 Nano Assay; Agilent).
Custom microarray resequencing chip design
We designed the resequencing microarray based on a commercially available CustomSeq microarray (format 169, 50 kb; Affymetrix) containing 25mer oligonucleotide probes (36) to detect 1 nt substitutions in miRNAs. For each position of the interrogated sequence, eight 25mer probes are represented on the array: four probes for each strand, each with a different nucleotide in the middle position (A, G, C, T); unrecognized variations were assigned as 'N'.
Reference sequences for miRNAs were downloaded from the UCSC Genome Browser version hg18, which was available at the time of the custom resequencing chip design. The total number of base pairs, representing 109 pre-miRNAs resequenced by microarray, was 13 874. The resequenced parts consisting of the whole pre-miRNAs plus ~20 bp from 5′ and 3′ end of pri-miRNAs were initially analyzed for repeat regions using a RepeatMasker, and any repeats or low complexity regions of >25 bp were excluded. An 814 bp internal control, representing the plasmid control (IQ-EX) provided by Affymetrix, was also tiled on the microarray.
The microarray detection limit was assessed based on the mutation analysis of two plasmids carrying exon 1 of the gene coding for low-density lipoprotein receptor with two types of mutations (i.e. G>T, G>A). The amplicons were hybridized in various proportions of mutated DNA (0, 10, 25, 50, 75, 90 and 100%) on all microarrays.
miRNA resequencing and data analysis
One hundred and nine miRNAs were amplified with 56 primers designed by PerlPrimer v.1.1.17 (37) (Supplementary Table III , available at Carcinogenesis Online) using long range PCR (TaKaRa LA Taq™; TaKaRa Bio); the average PCR product size was 4763 bp. The amplicons were quantified with Quant-iT PicoGreen dsDNA Reagent (Invitrogen). Equimolar amplicon amounts from one DNA sample were pooled, the amplicon pool was purified (QIAquick PCR purification Kit; Qiagen), and the DNA concentration was measured (NanoDrop Technologies). The pooled PCR products were fragmented using 0.05 U of fragmentation reagent (Affymetrix) at 37°C/10 min, followed by inactivation at 95°C/15 min. The fragment size was analyzed using chip electrophoresis (Bioanalyzer DNA 1000 Nano Assay; Agilent), and the average size was 50 bp (range 20-200 bp). The pooled and fragmented PCR products were end labeled using a biotin-labeling reagent (Affymetrix) and terminal deoxynucleotidyltransferase (Affymetrix) at 37°C/2 h, followed by inactivation at 95°C/15 min. The labeled amplicons were hybridized to the array (49°C/16 h, 60 r.p.m.). Hybridization was followed by a two-step wash protocol using a FS450 fluidics station (Affymetrix). Finally, the arrays were stained and scanned with the GeneChip 3000 Scanner (Affymetrix).
Intensity files were produced by GeneChip Command Console Software (AGCC; Affymetrix) and processed in GSeq v. 4.1 using version 2 of the resequencing algorithm (38, 39) . The quality score threshold was set to 3, base reliability threshold was set to 0 (40) and the Modeltype was set to 0 to assess the diploid model, enabling heterozygous calls to be made. Altogether, 120 arrays were analyzed using the mentioned settings. The data were analyzed using Geneious Pro 4.8.2.
Capillary sequencing
The presence of sequence variations detected in miRNAs by microarray was confirmed by Sanger sequencing, which was also used in order to perform miR-16-1 and miR-29b-2/29c mutation analysis. Primers designed by PerlPrimer v.1.1.17 (37) are listed in Supplementary Table IV, available at Carcinogenesis Online (cycling conditions are available upon request). Amplicons were sequenced at Macrogen (Seoul, Korea) using an ABI 3730XL DNA Analyzer (Applied Biosystems).
miR-29b-2/29c expression analysis
The effect of sequence variations detected in miR-29c and miR-29b-2 on their expression was evaluated using real-time PCR (TaqMan miRNA Assays; Applied Biosystems) in 107 CLL patients (Supplementary Table II , available at Carcinogenesis Online). The obtained miRNA expression levels were normalized to RNU38B, which is uniformly expressed in CLL cells (10) . Statistical differences between miRNA levels were evaluated using the non-parametric Mann-Whitney U-test (Statistica 6.0; StatSoft). NA, not available.
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miRNAs' SNP frequency in CLL patients versus control population
To find out whether allelic SNP frequencies detected in miRNAs in our cohorts of CLL patients differ from the control population, the data from the 1000 genomes project (http://1000genomes.org) were applied since it provides the most comprehensive resource of naturally occurring human variation. At the time of analysis, SNPs were filtered against the April 2012 integrated phase 1 variant release (version 3) of this project (41) containing 38.2M SNPs in total, with phased genotype calls on 1092 samples (525 males, 567 females), of which 379 were Europeans (178 males, 201 females). Since the 1000 genome samples are completely anonymized, sex ratio was the only information available on these samples. Statistical differences regarding the presence of SNPs between CLL and the control population were evaluated using Fisher's exact test (Statistica 6.0; StatSoft).
miRNAs secondary structures prediction
The RNAfold web tool (http://rna.tbi.univie.ac.at) (42) was used to predict the most stable secondary structures of wild-type (wt) miRNAs and variant sequences. The analyzed sequences included pre-miRNAs and 50 bp upstream and 50 bp downstream flanking sequences at each end of the precursors in case variations were detected by the resequencing microarray. Regarding miR29b-2/29c, in which the presence of variations was analyzed in a larger area of their primary regions, pre-miRNA regions and 480 bp upstream and 242 bp downstream flanking sequences (miR-29b-2) or 180 bp upstream and 181 bp downstream (miR-29c) at each end of the precursor were studied.
The effects of the novel pre-miR-16-1 variation on its expression
A 760 bp genomic fragment encoding both miR-15a and miR-16-1 was ligated into a pCMV-MIR expression vector (Origene). One construct contained the wt sequence and one contained the novel pre-miR-16-1 variation (83G>C). Both constructs were sequenced to confirm the presence of novel variation. An empty expression vector was used as a negative control. Green fluorescent protein included in the pCMV-MIR expression vector was used as a control to standardize the transfection efficiency.
The above-described constructs were transfected in HEK-293 cells, which have relatively low endogenous expression of miR-15a/16-1 cluster (9), using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Transfections were performed in quadruplicates. Bright green fluorescent protein-positive cells were sorted 48 h after transfections with the purity of 90-95%.
The expression of wt and mut constructs was evaluated using real-time PCR. miR-16-1 expression levels were normalized to RNU38B. Statistical differences between the constructs were evaluated using the paired t-test (Statistica 6.0; StatSoft).
The possible molecular effect of the novel variation on miR-16-1 expression was further analyzed via the expression of BCL2 by real-time PCR. BCL2 expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase. Statistical analyses between the constructs were performed with the paired t-test (Statistica 6.0; StatSoft).
Results
The resequencing microarray is a convenient tool for sensitive and reliable detection of common SNPs in miRNAs
The array was designed to detect single-nucleotide substitutions in miRNAs. In total, 120 arrays were used to perform mutation analysis of 109 miRNA genes. The average nucleotide call rate (43) was 96.1% (range 81.3-99.4%), demonstrating a good quality of hybridization and overall chip design. Based on a dilution experiment concerning a mutated low-density lipoprotein gene, the custom resequencing microarray detection limit range was 10-25% of mutated amplicons depending on the mutation type.
In 96 CLL patients, 18 SNPs were detected in 15 miRNAs in total (http://1000genomes.org; dbSNP Build 134). Confirmatory Sanger sequencing was done on 93 CLL patients, covering 403 polymorphic sites (i.e. 227 major alleles, 176 minor alleles). Out of 277 homozygous positions, 251 were correctly called by resequencing microarray (90.6%), and 26 were assigned as 'N' (i.e. unrecognized). In the case of 126 heterozygous polymorphic sites, 110 (87.3%) were correctly called by resequencing microarray, 15 were recognized as 'N', whereas 1 was incorrectly called as homozygous by the microarray.
Altogether, the custom-designed array demonstrated a high call rate (>96%), detection limit range 10-25% in the case of mutated low-density lipoprotein genes and small false negativity ~11% for miR-SNP analysis.
Novel sequence variations detected in miRNAs by resequencing microarray and Sanger sequencing
In five miRNAs, the resequencing microarray detected five novel heterozygous 1 nt variations, the presence of which was confirmed by Sanger sequencing, in five CLL patients (Table II, Figure 1 ). These variations are considered to be novel variations since none was found either in the control population from the 1000 genomes project or the NCBI dbSNP database (build 134). One variation was found in primiR-29a, three variations were detected in pre-miRNA region (premiR-16-1, pre-miR-372, pre-miR-106b) and one variation was found in the mature miR-142-3p.
Importantly, the resequencing microarray reported 237 additional 1 nt variations in 77 miRNAs. Sanger sequencing neither confirmed the presence of any of these variations, which were thus recognized as false positives, nor found any additional variation. This observation contrasts the relatively high agreement level of correctly called nucleotides in SNP sites (see above). Such a discrepancy can be explained by the fact that the intensity files are produced in GSeq v. 4.1 by a self-learning algorithm and SNP (as the most common type of variation) can be called more correctly than a novel variation.
Among the confirmed sequence variations, miR-16-1 was further selected for consecutive Sanger sequencing since it was the first miRNA described to harbor germline mutation (i.e. +7C>T in pri-miR-16-1) in two CLL patients with 13q deletion (9) . In our cohort of 98 CLL patients, the resequencing microarray detected one novel germline variation (83G>C) (see below) in pre-miR-16-1 in one CLL patient (Table II) ; however, the known mutation (+7C>T) was not found in any CLL patients. We further investigated whether the miR-16-1 sequence variations are as frequent as have been published (9) . Therefore, pri-miR-16-1 was analyzed in another 193 CLL patients selected with respect to del13q status (105 patients with del13q). Surprisingly, neither known germline mutation in pri-miR-16-1 nor novel germline variation in pre-miR-16-1 was found in any of these 193 CLL patients. This observation demonstrates that both miR-16-1 sequence variations are extremely rare (<0.5%) in CLL, which contrasts previously published data (9) .
The practical absence of sequence variations in mature miRNAs (except for one case with a variation in miR-142-3p) prompted us to check for variations in regions flanking the mature miRNAs. This was performed in 213 CLL patients (20 samples overlapped with those from the resequencing analysis) by sequencing larger genomic regions containing pri-miR-29b-2 and pri-miR-29c. In total, 562 and 129 nts were analyzed in 5′ end of pri-miR-29b-2 and pri-miR-29c, respectively; 298 and 239 nts were sequenced in 3′ end of pri-miR29b-2 and pri-miR-29c, respectively. Two SNPs were found in primiR-29c, seven SNPs (Table III) and one novel variation (Table II) were detected in pri-miR-29b-2; but surprisingly, no variation was found in either pre-or mature miRNA.
Sequence variations are not frequent in the mature miRNA region
In total, 33 variations, i.e. 27 SNPs (18 SNPs in resequencing analysis and 9 SNPs in miR-29b-2/29c) and 6 novel variations, were detected in 22 miRNAs (20 miRNAs in resequencing analysis, miR-29b-2, miR-29c) in our cohorts of CLL patients; 17 variations were found in pri-miRNAs, 12 in pre-miRNAs and 4 in mature miRNAs (Supplementary Table V, available at Carcinogenesis Online). Analyzing the frequency of variations per miRNA region (pri-miRNA versus pre-miRNA versus mature miRNA) revealed that the variations were least frequent (P < 0.05) in a mature miRNA region (i.e. 0.9 variation per 1000 nt), and most frequent in a pri-miRNA region (i.e. 3.1 variations per 1000 nt) (Supplementary Table V, available at Carcinogenesis Online).
Germline versus somatic origin of variations detected in miRNAs
Using Sanger sequencing of DNA isolated from buccal swabs, the novel variations in pre-miR-16-1, pre-miR-372, and the variation in pri-miR-29b-2 in one patient were proven to be germline. The germline status of the remaining variations (i.e. pri-miR-29b-2 in the second patient, pri-miR-29a, pre-miR-106b and miR-142-3p) is unknown since DNA from buccal swabs was not available for these patients. Notably, the pre-miR-16-1 variation the patient was harboring was also found in two of his offspring (a son and a daughter, 35 and 36 years old, respectively, neither of whom has been diagnosed with CLL/cancer).
Hovewer, in the pri-miR-655, we have identified one somatic variation which was present only in CLL cells. We initially considered this a novel variation, although according to dbSNP 134, this is a common SNP (rs139043404) with an unknown allelic frequency (Table III) . The patient harboring this SNP had two detectable CLL populations originating from two B-lymphocyte clones (biclonal case) with ~30% of the CLL cells expressing Igκ light chain and ~70% of cells expressing Igλ light chain. Using fluorescence-activated cell sorting, the cells were sorted according to Igλ and Igκ expression, and the pri-miR-655 was sequenced separately in each population. Surprisingly, the miR-655 variation was present only in the subclone of CLL cells expressing Igλ chain. Additionally, by using multiplex ligation-dependent probe amplification, it was found that this variation was accompanied by 11q and 13q deletions. The other subclone, expressing wt pri-miR-655 and Igκ chain, harbored TP53 mutation and no common chromosomal abnormality (Supplementary Figure 1 , available at Carcinogenesis Online).
Several SNPs present in miRNAs occur with higher allelic frequency in CLL patients
The resequencing microarray detected 18 SNPs in 15 miRNAs (Table  III) . Within the miR-29 family, seven SNPs were detected in pri-miR29b-2, and two SNPs were found in pri-miR-29c (Table III) using Sanger sequencing.
To find out whether there is a difference in allelic frequencies in SNPs detected in miRNAs between CLL patients in our study and a control population, we used data from the 1000 genomes project. The allelic frequency for all samples (n = 1092 samples) from the 1000 genomes project was available for 15 out of 18 SNPs detected by the resequencing microarray, and for all SNPs detected in the miR-29 family (Table III) . The allelic frequency was also compared separately between the European population from the 1000 genomes project (n = 379 samples) and CLL patients since they were of European origin. In this case, the allelic frequency for the European population from the 1000 genomes project was known for 13/18 SNPs detected by microarray, and for all SNPs detected in the miR-29 family (Table III) .
Altogether, the allelic frequency differed significantly in eight SNPs (P < 0.05) when analyzing SNPs frequency irrespective of population origin (Figure 2 ). These SNPs are present in two mature miRNAs (miR-412, miR-146a*), pre-miR-656 and three pri-miRNAs (pri-miR-100, pri-miR-154, pri-miR-29b-2). Three SNPs detected in pri-miR-29b-2 (rs141961287: +107+A, rs12401619: −408C>G, rs12410786: −337A>T) were statistically significantly more frequent in analyzed CLL patients than in a control population. However, the comparison between CLL patients and the separate European population indicated that only one SNP in pre-miR-323b was statistically significantly more frequent in our cohort of CLL patients (Figure 2 ).
Insertion (+107+A) reduces miR-29b expression in CLL patients with unmut IGHV
Since miR-29b/29c are known to be downregulated in aggressive CLL subtypes (9,10) and the particular mechanism responsible for their aberrant expression is not well characterized, we studied the effect of variations detected in miR-29b-2/29c on their expression in 107 CLL patients (Supplementary Table II , available at Carcinogenesis Online). The expression of both miR-29b ( Figure 3A ) and miR-29c (Supplementary Figure 2A , available at Carcinogenesis Online) was lower in the patients with unmut IGHV (P = 0.01 and P < 0.0001, respectively) and in the patients harboring TP53 aberration (P = 0.04 and P = 0.052, respectively), which is in agreement with previously published data (9,10). The expression of miR-29b also tended to be lower in patients with shorter overall survival and time to first treatment. However, due to the size of the patient cohort, statistical significance was not reached (data not shown).
Because of the apparent correlation between IGHV status and miR-29 expression, the cohort was separated in two groups based on IGHV status (48 mut IGHV, 52 unmut IGHV), and patients with the TP53 mutation/deletion were excluded (n = 6) from further analysis. This revealed the effect of variations in miR-29b-2 (Figure 3B and C) and miR-29c (Supplementary Figure 2B and C, available at Carcinogenesis Online) on their expression with respect to the IGHV mutation status. Importantly, the expression of miR-29b-2 harboring insertion (rs141961287: +107+A) was lowered (fold change 0.7) in the patients with unmut IGHV (P = 0.036; Figure 3B ) but not with mut IGHV (Figure 3C ).
Sequence variations detected in miRNAs alter their secondary structures
It is expected that processing and maturation of a miRNA precursor require appropriate secondary structures and specific sequence elements within pre-or pri-miRNA (21, (44) (45) (46) . Hence, we compared the minimum free energy (dG) for optimal secondary structures of both wt miRNAs and for their variations detected in our study (i.e. novel variations, somatic SNP and SNPs reaching significantly different frequency between CLL and the control population; Supplementary Table VI, available at Carcinogenesis Online). Most of the analyzed variations (n = 22) affected miR-secondary structure. In particular, the novel variation in pre-miR-16-1 had the most dramatic effect on its secondary structure, whereas the known germline mutation in pri-miR-16-1 (9) had none ( Figure 4A) . Therefore, the novel variation is likely to have a larger impact on miR-16-1 maturation/expression. miR-secondary structures were also changed by the novel variations detected in miR-142-3p, pre-miR-372 and pre-miR-106b, by SNPs, the allelic frequency of which differed between the 1000 genomes project samples and CLL patients (miR-412, miR-146a, pre-miR-656), and by the pre-miR-323b SNP, which was more frequent in CLL patients than in the European population. A comparison of wt miRNAs and their altered secondary structures is shown in the Supplementary Figure 3A -G, available at Carcinogenesis Online.
miR-29b-2 secondary structure was affected by the polymorphic insertion (rs141961287: +107+A) ( Figure 4B ), and by two remaining SNPs (rs12410786: −337A>T; rs12401619: −408C>G; Supplementary Figure 3H , available at Carcinogenesis Online), all of which were more frequent in the analyzed cohort of CLL patients when compared with 1092 samples from the 1000 genomes project. miR-29c secondary structure was affected by one SNP (rs147139948: +137T>A; Supplementary Figure 3I , available at Carcinogenesis Online).
Novel pre-miR-16-1 variation affects the expression of mature miR-16-1
The expression vectors containing either the wt allele or the mutated allele of the miR-15a/16-1 cluster were constructed to identify a possible molecular effect of the novel pre-miR-16-1 variation (83G>C) in HEK-293 cells. An empty vector was used as a negative control.
The transfectants harboring the novel variation expressed miR-16-1 at levels that were significantly lower (P < 0.01) than the transfectants harboring the wt allele ( Figure 5A ). This result was further confirmed by the expression analysis of BCL2, which is negatively regulated by miR-16-1 (47). BCL2 expression was higher (P = 0.037) in the transfectants harboring the novel variation than in the transfectants harboring the wt allele ( Figure 5B) . These results thus indicate that the novel variation (83G>C) affects the mature miR-16-1 expression.
Discussion
We and others have described that miRNAs are abnormally expressed in CLL and have specific expression patterns in CLL subtypes (9) (10) (11) (12) (13) . However, the mechanism through which miRNA expression is deregulated in cancer and CLL is poorly characterized, and it is not clear whether it is a primary or secondary event caused by deregulation of transcription networks (5), chromatin structure (48, 49) or other mechanisms.
It has been repeatedly described that miRNA expression can be influenced by the presence of mutations and SNPs in miRNA genes (9, (50) (51) (52) (53) and in miRNA seed sequences (3, 28, 54) . In CLL, the overall frequency and impact of miRNA gene sequence variations still need to be understood, although several mutations and SNPs have been described by Sanger sequencing (9, 32) . Calin et al. (9) analyzed 42 miRNAs in 75 CLL patients, and found mutations in 5 miRNAs in 11 patients. Wojcik et al. (32) screened sequence variations in 72 miRNAs in a cohort of 39 CLL patients and found both SNPs and novel mutations. Nevertheless, according to the 1000 genomes project data, 11/25 variations that were originally described as 'novel variations' by Calin et al. (9) and Wojcik et al. (32) , are now known to be common SNPs. Thus, we created an updated catalog of sequence variations (novel variations and SNPs) that have been described so far in CLL patients. A detailed description (SNP identifiers, genomic coordinates) of all the variations is provided in Supplementary Table VII, available at Carcinogenesis Online.
In this present study, we screened sequence variations not only in more miRNA genes (n = 109; selected according to their relevance to CLL pathogenesis or other hematological malignancies), but also in a larger cohort of high-risk CLL patients (n = 98). We have demonstrated the feasibility of a custom design microarray platform for screening miRNA variations with low false negativity. However, due to the high false positivity observed in our study, a confirmatory method is necessary.
Altogether, 27 SNPs were detected in our study in 17 miRNAs (Table III) ; one SNP per one miRNA; except for miR-29c (two SNPs), miR-29b-2 (seven SNPs), miR-323b (two SNPs), miR-412 (two SNPs), miR-27a (two SNPs). Our observation that most of these SNPs were present outside the mature miRNA regions is in agreement with data published by Saunders et al. (28) . They recorded SNP density in a pri-miRNA region at 3 SNPs per kb and only 1.3 SNPs per kb in a pre-miRNA region, which indicates a strong selective constraint on human pre-miRNAs (28) . In total, we detected three SNPs (Table III) and one novel variation (Table II) in four mature miRNAs. Our observation that three of these variations (except for the SNP in miR146a*) were located outside the seed regions reflects its requirement for target recognition.
The presence of SNPs in miRNAs may be an important source of phenotypic variation and contribute to the susceptibility for complex disorders (55) . The 1000 genomes project was used to compare the allelic frequency differences in detected SNPs since it provides the most comprehensive resource of naturally occurring human variation. In our study, only one SNP in pre-miR-323b was notably more frequent in CLL patients (P = 0.0123; Figure 2 ) when its allelic frequency was compared with CLL patients and a separate European population (n = 379). Interestingly, when a control population was enlarged by all samples (n = 1092) from the 1000 genomes project, the allelic frequency differed significantly for eight other SNPs (P < 0.05; Figure 2 ). This included the SNP located in miR-146a (rs2910164), which is known to alter processing and lower expression ← of mature miRNA, and predispose a person to various types of cancer (51, 52, 56) . Although our data show that the frequency of some SNPs present in miRNAs differ significantly between CLL patients and the population represented by individuals from the 1000 genomes project, larger population studies of different ethnic cohorts are necessary to verify their association and possible impact on CLL biology/ pathogenesis.
Except for SNPs, in six miRNAs we have also detected six novel 1 nt variations, all of which were present in miRNAs associated either with CLL pathogenesis/prognosis, i.e. miR-16-1 (6,9), miR-29a (9,16), miR-29b-2 (9,16) or implicated in the biology of other tumors, i.e. miR-142 (57), miR-106b (58) and miR-372 (59). Importantly, the variation in miR-142 is the first novel variation detected in the mature miRNA in CLL, since all the variations described by Calin et al. (9) and Wojcik et al. (32) were found outside mature miRNA regions.
In particular, we have also found a novel variation in the miR-16-1, which is therefore the second variation of miR-16 described in literature (9) . The novel miR-16-1 variation highly affected its secondary structure ( Figure 4A ) unlike the known germline mutation (+7C>T) (9) . It was suggested that the (+7C>T) mutation has a relatively high frequency in CLL (2.7%). However, we presume that miR-16-1 variations observed in Calin's and our study are very rare in CLL (<0.5%) Fig. 4 . Secondary structures of wt miRNAs and miRNAs harboring sequence variations (novel variation/SNP) predicted by the RNAfold tool. (A) The novel variation found in pre-miR-16-1 (83G>C) had a dramatic effect on its secondary structure, whereas the known mutation present in its primary region (+7C>T) (9) had none. (B) pri-miR-29b-2 secondary structure was affected by polymorphic insertion (rs141961287: +107+A). Depicted are the most stable secondary structures with the lowest free energy as predicted by the RNAfold tool. Variations are designated in red and indicated by arrows. Mature miRNAs and miR-5p are designated in violet; mature miRNAs* and miR-3p are designated in blue. Pre-miRNA regions are designated in green; pri-miRNA regions are colorless.
since neither was found in our consecutive analysis of 193 CLL patients.
Surprisingly, our study indicates that miRNA variations are generally rare in CLL samples. The observation that all of the analyzed variations were of germline origin, except for the SNP in pri-miR-655, suggests that although most miRNA variations are not somatic, rare CLL cases exist where the variation is selected only in leukemic cells.
miRNA processing and maturation are highly regulated steps requiring proper secondary structures within pri-or pre-miRNA to be recognized by miR-regulatory machinery (44) (45) (46) . The sequence variations altering miRNA's secondary structure may thus affect its mature form expression (21) . The observation that most of the variations detected in our study altered particular miRNA's secondary structure and free energy values (Supplementary Table VI, available at Carcinogenesis Online) implies that variations present in either part of the miRNA region may alter its maturation/expression. This was especially prominent in the novel pre-miR-16-1 variation ( Figure 4A ). Due to the low frequency of variations in our cohort, we were not able to directly study their effect on miRNA expression. Nevertheless, the possible molecular effect on miR expression was studied in the case of the novel pre-miR-16-1 variation. Our results show that miR-16-1 expression levels were lower (P < 0.01; Figure 5A ) and BCL2 expression levels were higher (P = 0.037; Figure 5B ) in the transfectants harboring mutated allele than in the transfectants harboring wt allele. The variation (83G>C) thus represents a novel miR-16-1 variation, which affects both its secondary structure ( Figure 4A ) and expression ( Figure 5A and B) .
The effect of variations on miRNA expression was also analyzed in more detail in miR-29b-2/29c, known to be downregulated in aggressive CLL subtypes (9, 10) . Among the SNPs detected in miR29b-2 in our study, three (i.e. rs141961287: +107+A, rs12401619: −408C>G, rs12410786: −337A>T) were not only significantly more frequent in analyzed CLL patients when compared with all samples from the 1000 genomes project (Table III) , they also changed the miR-29b-2 secondary structure (Supplementary Table VI, available at Carcinogenesis Online). Interestingly, the later two SNPs were found to be present in genetic linkage in most of the CLL patients analyzed (data not shown). Polymorphic insertion +107+A in pri-miR-29b-2 (rs141961287) was described as lowering miR-29b expression when compared with normal B cells (9) . In our cohort of CLL patients, miR-29b expression was lower in the patients with unmut IGHV and harboring polymorphic insertion ( Figure 3B ), which suggests different regulatory mechanisms for miR-29b compared with the patients without this variation.
To conclude, we herein confirm that both SNPs and novel variations, most of which were present outside mature miRNAs and also changed the secondary structure of a particular miRNA, are present in miRNA genes in CLL patients. Among them, we identified a novel variation in miR-16-1 that affected its expression. In addition, our data show that miR-16-1 variations are extremely rare (<0.5%) in CLL, which contrasts previously published data (9) . Significantly, certain miR-SNPs, including the polymorphic insertion in pri-miR-29b-2, are more frequent in CLL patients than in a control population. The insertion lowers miR-29b expression in CLL patients with unmut IGHV and may therefore affect the biology of CLL B cells. Altogether, this suggests that sequence variations may be related to CLL biology and/or pathogenesis.
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